Abstract: Because the LHC is a proton-proton collider, sizable production of two positively charged W -bosons in association with two jets is possible. This process leads to a distinct signature of same sign high-p ⊥ leptons, missing energy and jets. We compute the NLO QCD corrections to the QCD-mediated part of pp → W + W + jj. These corrections reduce the dependence of the production cross-section on the renormalization and factorization scale to about ±10 percent. We find that a large number of W + W + jj events contain a relatively hard third jet. The presence of this jet should help to either pick up the W + W + jj signal or to reject it as an unwanted background.
Introduction
The large energy and large luminosity of the LHC lead to sizable production cross-sections for multi-particle final states, including rather exotic ones. For example, one can produce a pair of positively charged W -bosons, in association with two jets pp → W + W + jj. At √ s = 14 TeV, the cross-section for this process is about 1 pb and therefore accessible.
Leptonic decays of W -bosons give rise to two positively charged isolated leptons and missing energy, which is nearly a background-free signature.
The observation of this process is interesting in its own right, but there are other reasons to study it. Of particular importance are various physics cases for which pp → W + W + jj is a background process. Interestingly, such cases can be found both within and beyond the Standard Model. For example, it is possible to use same-sign lepton pairs to study double parton scattering at the LHC [1] in which case the single scattering process pp → W + W + jj is the background. Events with same-sign leptons, missing energy and two jets can also appear due to resonant slepton production which may occur in Rparity violating SUSY models [2] or in the case of diquark production [3] with subsequent decay of the diquark to e.g. pairs of top quarks. Similarly, one of the possible production mechanisms of the double-charged Higgs boson at the LHC has a signature of two same-sign leptons, missing energy and two jets [4] .
At leading order in the perturbative expansion in QCD, the W + W + jj final state is produced in proton collisions by both electroweak (EW) and QCD mechanisms. Interference terms between these mechanisms are doubly suppressed due to the different color structure of the two processes; interference only occurs at sub-leading color and even then only when the quarks are all identical. We neglect these terms and consider the QCD process separately. The corresponding cross-sections scale as σ EW ∼ α 4 EW and σ QCD ∼ α 2 EW α 2 s , where α EW and α s are electroweak and strong coupling constant respectively. Given the large hierarchy between strong and weak coupling constants, one expects σ QCD ≫ σ EW , but this turns out to be too naive. In reality, the production cross-section due to a gluon exchange is only about fifty percent larger than the production cross-section of pp → W + W + jj by electroweak mechanisms [1] .
As we mentioned earlier, W + W + jj production is the background to a number of interesting beyond the Standard Model (BSM) physics processes. It is peculiar that NLO QCD corrections to some of these signal BSM processes were calculated, see e.g. Refs. [2, 3] . Also, the NLO QCD corrections to the electroweak production of W + W + jj were calculated recently in Ref. [5] , but similar corrections to the QCD production of W + W + jj are unknown. There is a clear reason for this: the computation of NLO QCD corrections to the QCD-induced process pp → W + W + jj is more involved because pp → W + W + jj is a 2 → 4 process. As a result, the NLO QCD calculation for QCD-induced pp → W + W + jj requires dealing with one-loop six-point tensor integrals of relatively high rank, while for the EW-induced process this is not the case since at Born level there is no color exchange between the quark lines. Until very recently, theoretical methods for one-loop calculations were inadequate to handle computations of such a complexity, but the situation has changed dramatically in the past two years. Thanks to recent technical developments [6, 7, 8, 9, 10, 11, 12, 13, 14, 15] , NLO QCD computations for such 2 → 4 processes as pp → W (Z) + 3 jets, pp → tt + bb,→ bbbb and pp → tt + 2 jets, have been performed during the past year [16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26] . Similar techniques should be applicable to NLO QCD computations of processes with several electroweak gauge bosons and jets, and pp → W + W + jj is an interesting example. We also note that the computation of NLO QCD corrections to pp → W + W + jj involves a small subset of amplitudes needed for the computation of NLO QCD corrections to pp → W + W − jj, which is an important background to Higgs boson production in weak boson fusion.
The remainder of the paper is organized as follows. In Section 2 we briefly discuss technical aspects of the calculation. In Section 3 we describe the results. In Section 4 we present our conclusions. In the Appendix, numerical results for one-loop helicity amplitudes for 0 → (q i W + q j )(q k W + q m ) are given.
Technical details
In this Section, technical aspects of the computation are summarized. It is well-known that the computation of NLO QCD corrections to any process requires three ingredients -one-loop virtual corrections to a Born process, real emission corrections and the subtraction counter-terms for infra-red and collinear singularities. To compute the oneloop virtual corrections, we use the framework of generalized D-dimensional unitarity [13, 14] , closely following and extending the implementation described in Ref. [27] . Because the one-loop virtual corrections are computed using unitarity cuts, an important ingredient for the computation of one-loop corrections are the tree-level helicity amplitudes 0 → (q i W + q j )(q k W + q m ) + g. We compute those helicity amplitudes using Berends-Giele recursion relations [28] . Incidentally, these amplitudes are the ones that are needed to compute the real emission corrections to pp → W + W + jj. The subtraction terms are calculated using the Catani-Seymour dipole formalism [29] . We employ the optimization of the subtraction technique suggested in Ref. [30] , where the subtraction is only performed if the kinematics of the event is close to either soft or collinear limit. Our implementation of the Catani-Seymour formalism closely follows the program MCFM [31] . In fact, we use the MCFM framework extensively to combine virtual and real emission corrections and the subtraction terms. Finally, we evaluate one-loop scalar integrals using the QCDloop library [32] .
We now describe the computation in some detail. First, we point out that within the generalized unitarity framework, a basic object that needs to be calculated for each phasespace point is a one-loop helicity amplitude. To decouple color, helicity amplitudes are expressed through primitive amplitudes [33] . Those primitive amplitudes can be computed with the help of the color-stripped Feynman rules [33, 34, 35] . We note that, for the calculation of a given primitive amplitude, color-charged particles are ordered while all permutations of color-neutral particles must be considered, to achieve a gauge-invariant result. For our purposes, this implies that the ordering of the W + bosons is not fixed and we have to account for all possible insertions of the W + bosons. Fortunately, given the fact that both of the two W bosons have the same charge, this is a relatively minor complication since two W -bosons can not couple to the same quark line. Throughout the paper we treat the top quark as infinitely heavy, while all other quarks are taken to be massless. We do not consider final state top production as this leads to a different experimental signature. Top quarks therefore only contribute through fermion loops. While it is possible to deal with massive particles in the loop with D-dimensional unitarity [36, 37] , we choose to neglect these effects since the momentum transfer through the fermion loop is far below the threshold for top pair production. This is consistent with the treatment of parton distribution functions, which use β 0 with five flavours in the evolution of α s .
We now give the decomposition of the scattering amplitudes in terms of primitive amplitudes. We begin with the tree-level process 0 →ū dc s + (W + → e + ν e ) + (W + → µ + ν µ ), where we fix the flavor structure, for definiteness and treat the Cabibbo-Kobayashi-Maskawa matrix as diagonal. The amplitude for this process reads
where g s,W are the strong and weak coupling constants, respectively, quark color indices are indicated explicitly, N c = 3 is the number of colors, and lepton labels in the right hand side of Eq.(2.1) are suppressed. Also, we use the W + propagators with a Breit-Wigner form in Eq.(2.1)
Finally, to account for leptonic decays
, we replace the polarization vector of the outgoing W + bosons by
A typical diagram that contributes to the amplitude A 0 (ū, d,c, s) is shown in Fig. 1 . The computation of real emission corrections requires the scattering amplitude for 0 →ū dc s + g + (W + → e + ν e ) + (W + → µ + ν µ ). The amplitude for this process is written in terms of primitive amplitudes
Again, in the right hand side of this equation the lepton labels are suppressed. Finally, the one-loop amplitudes required for this calculation can be written as
The color-ordered amplitudes A 1,2 can be expressed through the primitive amplitudes shown in Fig. 2 . The relations read Amplitudes with two adjacent quarks can be reduced to amplitudes where quarks and anti-quarks alternate using the C-parity relation
where we explicitly indicate fermion helicities 1 . Amplitudes with two identical quarks and anti-quarks are obtained from the amplitudes shown above by anti-symmetrising quarks or anti-quarks and including the appropriate symmetry factors in the cross-section calculation. Finally, we note that numerical results for helicity amplitudes at a particular phase-space point are given in the Appendix.
Results
In this Section, we present the results of the calculation. We consider proton-proton collisions with the center-of-mass energy √ s = 14 TeV. We require leptonic decays of the W -bosons and consider e + µ + ν e ν µ final state. The W -bosons are on the mass-shell and we neglect quark flavour mixing. We note that if identical leptons in the final state are present, there are interference effects not included in our calculation. However, such interference effects force the W -bosons off the mass shell, so that their numerical importance is limited.
Within this approximation, the cross-sections for same-and different-flavor production are related σ(pp → µ + µ + X) = σ(pp → e + e + X) = 0.5 σ(pp → e + µ + X). This implies that the cross-section for the full flavor sum e + µ + + e + e + + µ + µ + can be obtained by multiplying our results by a factor two.
We impose standard cuts on lepton transverse momenta p ⊥,l > 20 GeV, missing transverse momentum p ⊥,miss > 30 GeV and charged lepton rapidity |η l | < 2.4. We define jets using anti-k ⊥ algorithm [38] , with ∆R j 1 j 2 = (η j 1 − η j 2 ) 2 + (φ j 1 − φ j 2 ) 2 = 0.4 and, unless otherwise specified, with a transverse momentum cut p ⊥,j = 30 GeV on the two jets. The mass of the W -boson is taken to be m W = 80.419 GeV, the width Γ W = 2.140 GeV. W couplings to fermions are obtained from α QED (m Z ) = 1/128.802 and sin 2 θ W = 0.2222. We use MSTW08LO parton distribution functions for leading order and MSTW08NLO for nextto-leading order computations, corresponding to α s (M Z ) = 0.13939 and α s (M Z ) = 0.12018 respectively [39] . We do not impose lepton isolation cuts. All results discussed below apply to the QCD production pp → W + W + jj; the electroweak contribution to this process is ignored. Note, however, that at next-to-leading order, QCD and electroweak production processes start to interfere and the separation of the two production mechanisms is not as clean as it is at leading order. We point out that, because a massive gauge boson is produced from each fermion line, the cross-section for the process pp → W + W + jj remains finite even if the requirement that two jets are observed is lifted. Hence, we can consider the production of same-sign gauge bosons in association with n jets pp → W + W + + n jets, where n = 0, 1, 2 or n ≥ 2. It is useful to consider different jet multiplicities separately because, depending on the number of jets, backgrounds to pp → W + W + + n jets change. Also, if we are interested in pp → W + W + + n jets as a potential background to New Physics processes, it is helpful to know how jetty this process is.
We begin by showing in Fig. 3 the dependence of the production cross-sections for pp → e + µ + ν e ν µ + n jets on the renormalization and factorization scales, which we set equal to each other. We show results for the following four processes i) pp → W + W + + ≥ 2 jets; ii) pp → W + W + + 2 jets; iii) pp → W + W + + 1 jet; and iv) pp → W + W + + 0 jets. The total inclusive cross-section is then given by the sum of the two-jet inclusive cross-section, the one-jet exclusive cross-section and the zero-jet exclusive cross-section. The difference between inclusive and exclusive two jet cross-sections shows how often W + W + is produced in association with three, rather than two, jets.
It is clear from Fig. 3 that leading order cross-sections for all jet multiplicities monotonically increase with the decrease of the renormalization/factorization scales. This behavior is driven by the dependence of the leading order cross-section on the square of the strong coupling constant; the factorization scale dependence is minor. It follows from Fig. 3 that when cross-sections are calculated at next-to-leading order in perturbative QCD, they show significantly reduced scale dependence. For example, considering the range of scales 50 GeV ≤ µ ≤ 400 GeV, we find the two-jet inclusive cross-section to be σ LO = 2.7 ± 1.0 fb at leading order and σ NLO = 2.44 ± 0.18 fb at next-to-leading order. The forty percent scale uncertainty at leading order is reduced to less than ten percent at NLO. We observe similar stabilization of the scale dependence for the 0-and 1-jet exclusive multiplicities. The dependence on factorization and renormalization scales of cross-sections for pp → e + µ + ν e ν µ + n jets, n = 0, 1, 2 at leading and next-to-leading order in perturbative QCD We set the two scales equal to each other µ F = µ R = µ.
Combining these cross-sections we obtain a total NLO cross-section of about 2.90 fb for pp → e + µ + ν e ν µ inclusive production. This implies about 60 e + µ + + ǫ + e + + µ + µ + events per year at the LHC with 10 fb −1 annual luminosity. While this is not a gigantic number, such events will have a very distinct signature, so they will definitely be seen and it will be possible to study them.
On the other hand, it is apparent from Fig. 3 that there is quite a dramatic change in the two-jet exclusive cross-section. At leading order, there is no difference between the exclusive and inclusive cross-sections, but this difference appears at NLO. With ∆R jj = 0.4 and a transverse momentum jet cut of 30 GeV, the two-jet exclusive cross-section is only about 0.7 fb at µ = 150 GeV; if the scale is decreased to about 80 GeV, the two-jet exclusive crosssection becomes negative. One can argue that this is the consequence of the fact that the 30 GeV jet transverse momentum cut is too small for the convergence of the perturbative expansion of the two-jet exclusive cross-section. However, it is not fully clear how to make this explanation compatible with the reasonable perturbative stability of the zero-jet and the one-jet exclusive cross-sections for the same value of the jet transverse momentum cut. In Fig. 4 we show the inclusive and exclusive cross-sections for pp → e + µ + ν e ν µ + 2 jets at next-to-leading order in perturbative QCD, in dependence on the jet p ⊥ cut. We set the factorization and renormalization scales equal to each other µ R = µ F = µ, and vary the scale µ in the range 100 GeV ≤ µ ≤ 200 GeV. It is clear that for a jet cut of 40 − 50 GeV, the scale dependence of the exclusive two-jet cross-section is relatively small, while for The dependence on the jet p ⊥ cut of the two-jet inclusive and two-jet exclusive crosssections for pp → e + µ + ν e ν µ + 2 jets at leading and next-to-leading order in perturbative QCD. We show scale uncertainty bands, for values of the renormalization and factorization scales set to a common value µ, which is varied in the interval 100 GeV ≤ µ ≤ 200 GeV. Results for µ = 140 GeV are shown as solid lines. the 30 GeV jet cut, the scale dependence increases strongly. The results displayed in Fig. 4 suggest that, whatever the exact value of the exclusive two-jet cross-section is, it is significantly smaller than the two-jet inclusive cross-section. This smallness implies that quite a large fraction of events in pp → e + µ + ν e ν µ + ≥ 2 jets have a relatively hard third jet. This effect remains present, although less pronounced, for larger values of R. This feature may be useful for rejecting contributions of pp → W + W + jj when looking for multiple parton scattering.
We now turn to the discussion of kinematic distributions. Unless explicitly stated otherwise, we will consider two-jet inclusive processes. A glance at Fig. 3 suggests that NLO QCD corrections to jet cross-sections are small if the renormalization and factorization scales are set to µ = 150 GeV. Indeed, for µ = 150 GeV, two-jet inclusive leading and next-to-leading order cross-sections nearly coincide σ LO = 2.4 fb and σ NLO = 2.5 fb, so that the NLO QCD corrections change the leading order cross-sections by less than five percent. In the plots that follow, we show the scale uncertainty bands for 50 GeV ≤ µ ≤ 400 GeV and predictions for µ = 150 GeV, for leading and next-to-leading order distributions.
The transverse momentum distributions of the hardest and next-to-hardest jets, as well as the distribution of the scalar sum of the transverse momenta of all jets and charged leptons and the missing transverse momentum in the event are shown in the first three pane of occur when NLO QCD corrections are calculated, some shape changes are apparent from Fig. 5 . Indeed, the NLO QCD transverse momenta distributions of the hardest and nextto-hardest jet show a characteristic depletion at large values of p ⊥,j . One reason this change occurs is because a constant, rather than a dynamical, renormalization scale is used in our leading order calculation. As was emphasized many times recently, the choice of dynamical renormalization scales in leading order computations may affect shapes of kinematic distributions in a manner similar to NLO QCD corrections [5, 20, 23, 40] . The shapes of rapidity distributions of the hardest and next-to-hardest jets, as well as the distribution of the rapidity differences between hardest and next-to-hardest jets, shown in the next three pane, remain very similar to the shapes of leading order distributions, once the NLO QCD corrections are included. On the other hand, scale dependencies of rapidity distributions are reduced dramatically.
We now turn to lepton and missing transverse momentum distributions. In Fig. 6 we show the charged lepton transverse momentum distribution, the missing transverse momentum distribution, the distributions of the charged lepton rapidity and of the rapidity difference of the two leptons, as well as the distributions of the invariant mass of the two charged leptons and the transverse mass of the two W -bosons 2 . Lepton kinematic distributions are affected by the QCD radiative corrections in a similar way to the jet kinematic distributions. We observe that transverse momentum distributions become softer while shapes of rapidity distributions are unaffected. Distributions of dilepton invariant mass and the transverse mass of the W -bosons become softer as well. It is also interesting to look at the angular distributions of the charged leptons. In Fig. 7 the angular distance ∆R lj = (η l − η j ) 2 + (φ l − φ j ) 2 between a charged lepton of fixed flavor (e + or µ + ) and the hardest (next-to-hardest) jet is displayed, as well as the distribution of the relative azimuthal angle of the two charged leptons. Although distributions of angular distances between leptons and jets are broad, they peak at ∆R lj ≈ 3 for both hardest and nextto-hardest jets. NLO QCD effects do not change this conclusion but, interestingly, they make the angular distance between next-to-hardest jet and the charged lepton somewhat larger at next-to-leading order. The distribution of the relative azimuthal angle of the two charged leptons becomes less peaked at ∆φ l + l + = π, although the two leptons still prefer to be back to back. It is interesting to remark that, if the two same sign leptons are produced through a double-parton scattering mechanism, their directions are not correlated. Hence, yet another possibility to reduce the single-scattering-background is to cut on the relative azimuthal angle between the two leptons.
Conclusion
In this paper, we presented the computation of NLO QCD corrections to the QCD-mediated process pp → W + W + jj at the LHC. In spite of the fact that this is a 2 → 4 process, the computation of NLO QCD corrections is relatively straightforward, thanks to spectacular developments in technology of NLO QCD computations in recent years [6, 7, 8, 9, 10, 11, 12, 13, 14, 15] . We note that NLO QCD corrections to electroweak-mediated pp → W + W + jj process were recently calculated in Ref. [5] .
2 Since neutrinos are not observed, it is impossible to reconstruct the true transverse mass of the pair of the two W -bosons. We follow Ref. [41] and define m
where the missing transverse energyẼ ⊥,miss is reconstructed from the missing transverse momentum using the invariant mass of the charged lepton systemẼ ⊥,miss = p The production of two same-sign W -bosons in association with two jets is a background to studies of double-parton scattering, as well as to a number of beyond the Standard Model physics processes. The NLO QCD corrections to pp → W + W + jj reduce the scale dependence to about ten percent. An interesting feature of pp → W + W + jj is that perturbative QCD is applicable even if the observation of the two jets is not demanded. This opens up the possibility to study QCD radiative corrections to pp → W + W + +n jets where the num- ber of jets can be zero, one and two. At next-to-leading order, the final state with three jets also appears. We have studied QCD corrections to processes with various jet multiplicities and observed reasonable behavior of the perturbative expansion for two-jet inclusive, and one-and zero-jet exclusive processes. The situation with the two-jet exclusive cross-section is less satisfactory. As follows from Fig. 4 , the two-jet exclusive cross-section is about fifty percent of the inclusive cross-section. Since at leading order exclusive and inclusive two-jet cross-sections coincide, the NLO QCD correction is large. In addition, there is significant residual scale uncertainty in the prediction for the exclusive two-jet cross-section which is smaller than, but comparable to, the leading order scale dependence. We believe that these results suggest that nearly fifty percent of all events in pp → e + µ + ν e ν µ + ≥ 2 jets contain a relatively hard third jet. It may be possible to use this effect in designing selection or suppression criteria for W + W + jj final state. We have also studied a variety of kinematic distributions and showed that no dramatic shape changes occur.
As a final comment, we point out that the production of two negatively charged Wbosons at the LHC is also possible, at a rate which is about forty percent of the W + W + production [1] . We can use our set up to compute NLO QCD corrections to pp → W − W − jj using charge conjugation and parity reversal [5] . To this end, if we are interested in pp → e − µ −ν eνµ jj, we can do a calculation forpp → e + µ + ν e ν µ jj, treat the final state leptons as if they are positively charged and reverse the momentum directions for parityodd distributions.
A. Results for primitive amplitudes at a fixed phase space point
In this Appendix we give numerical results for all primitive amplitudes needed to reconstruct the one-loop amplitudes in Eq. (2.5) at a particular phase space point. The momenta (E, p x , p y , p z ), in GeV, are chosen to be k 1 (ū) = (−500.000000000000, −500.000000000000, 0.00000000000000, 0.00000000000000), k 2 (d) = (−500.000000000000, 500.000000000000, 0.00000000000000, 0.00000000000000), Because the W -bosons couple only to left-handed fermions and right-handed antifermions, all helicities in the following are fixed, so that {ū, d,c, s, e + , ν e , µ + , ν µ } have helicities {+, −, +, −, +, −, +, −}. Below we tabulate numerical results for the primitive tree and one-loop amplitudes at the phase-space point given in Eq. (A.1). In Table 1 we display tree-level amplitudes and ratios of unrenormalized one-loop amplitudes to treeamplitudes
where c Γ = Γ(1 + ǫ)Γ 2 (1 − ǫ) (4π) 2−ǫ Γ(1 − 2ǫ) and the A i are defined through equations (2.5) -(2.7).
We use µ R = 80 GeV; it enters our calculation through the usual modification of the loop integration measure d
The one-loop amplitudes are calculated in the four-dimensional helicity scheme [42] . In Table 2 we give the ratio S Table 2 : Numerical results for the ratio of spin and color summed amplitudes S(ū, d,c, s).
